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1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder with multiple genetic and environmental
risk factors (Cannell, 2010; Coleman & Gillberg, 2011). There is no agreement as to whether ASD prevalence is genuinely on
the rise or if a higher reported rate in recent years might be secondary to better awareness, changing diagnostic trends and
more sensitive diagnostic system (Coleman & Gillberg, 2011). However, gene-environment interaction has recently become
the focus of intensified ASD research (Freitag, Staal, Klauck, Duketis, & Waltes, 2010).

Among several proposed epidemiological influences on the development of ASD are the (a) much higher monozygotic
(60-90%) than dizygotic (0-10%) twin concordance rates (Lichtenstein, Carlstrom, Rastam, Gillberg, & Ancharsater, 2010;
Muhle, Trentacoste, & Rapin, 2004); (b) large variability of phenotypic expression (even among monozygotic twins)
(Lundstrém et al., 2012), (c) distinct gender ratio (2-4 males to 1 female) (Nygren et al., 2011); (d) relationship between
autism and immune dysfunction (Coleman & Gillberg, 2011); and (e) much increased rate of ASD among dark skinned
children living at Northern latitudes (Barnevik-Olsson, Gillberg, & Fernell, 2008; Cannell, 2008; Eyles, 2010; Gillberg,
Schaumann, & Gillberg, 1995; Goodman & Richards, 1995; Keen, Reid, & Arnone, 2010) that has led researchers to begin to
address the potential role for Vitamin D in autism.

Vitamin D deficiency - either during pregnancy or early childhood - has recently been proposed as a possible
environmental risk factor for ASD (Cannell, 2008; Grant & Soles, 2009). Interesting results, both at the molecular level and in
animal experiments, begin to indicate the possible mechanisms for this potential risk.

Neurotoxins in the environment have been steadily on the rise, either in the form of industrial waste polluting soil, rivers
and oceans, or in the form of additives in food and thousands of synthetic chemicals in materials of everyday life (Grandjean
& Landrigan, 2006; Landrigan, 2010). Vitamin D deficiency has become common due to an increasingly urbanized lifestyle,
rising rates of obesity, and recommendations to avoid sun exposure promulgated since the 1980s (Bosomworth, 2011;
Cannell et al., 2008; Holick, 2005; Schwalfenberg, 2007). Moreover, at northern latitudes (e.g., in Scotland at 55°-61°N),
sunlight with the ultraviolet B fraction is available only during a limited period of the summer. Dark skinned individuals
require about 5-10 times longer exposure to sunlight to produce vitamin D compared to fair skinned individuals (Clemens,
Adams, Henderson, & Holick, 1982). Therefore, when moving to northern countries, those with dark skin run the risk of not
reaching satisfactory vitamin D levels.

Vitamin D has a unique role in brain homeostasis, embryogenesis and neurodevelopment, immunological modulation,
(including the brain’s own immune system), ageing, and also, importantly, in gene regulation (Sigmundsdottir,2011; Harms,
Burne, Eyles, & McGrath, 2011; Ramagopalan et al., 2010). In addition to these effects, vitamin D is now believed to be
involved in numerous other functions in the organism. To date, it has been shown to bind to more than 2700 genes and to
regulate the expression of more than 200 of them (Ramagopalan et al., 2010). Vitamin D is also known to be involved in
healing processes by reducing the risk of cells becoming malignant (Sigmundsdottir, 2011).

1.1. Vitamin D: definition, biosynthesis and role in metabolism

Vitamin D is not really a vitamin, since it is produced in the body by a cascade of chemical transformations, commencing with
a key photochemical reaction in the skin on exposure to the ultraviolet rays of the sun, followed by a series of further chemical
transformations. Its receptors have been found in many tissues and organs. The biosynthesis of calcitriol, the active form of
vitamin D of vertebrates, starts from its prime precursor 7-dehydrocholesterol, which first undergoes the key photochemical
electrocyclization reaction in the skin, producing an intermediate that is spontaneously converted into calciferol (vitamin Ds),
or cholecalciferol to be precise and to emphasize its chemical relation to cholesterol. Since the first reaction requires irradiation
with UV light (at 290-315 nm), it can only proceed in the skin, e.g., within the reach of the UV rays. Cholecalciferol is then
transported to the liver, where it is hydroxylated in the side-chain (at position 25) to produce calcidiol [25-hydroxycalciferol,
25(0OH)D, or cholecalcidiol]. Finally, the latter compound is transported to the kidneys, where it is further hydroxylated (at
position 1a) to finally produce calcitriol [1,25-dihydroxycalciferol, 1,25(0H),D, or cholecalcitriol], the active compound
(Feldman & Pike, 2011; Fiester & Fieser, 1959). The levels of the enzyme required for the final hydroxylation are controlled by
parathyroid hormone, whose secretion is, in turn, triggered by low concentrations of calcium or phosphate (Cheng, Levine, Bell,
Mangelsdorf, & Russell, 2004; Holick, Tian, & Allen, 1995). The latter enzymatic hydroxylation reaction, producing calcitriol, has
also been found to occur in lymphocytes and in the brain in microglia (Eyles, Smith, Kinobe, Hewison, & McGrath, 2005).

For the sake of simplicity and to avoid confusion, which is widespread in the literature, we will use the following
nomenclature for the vitamin D family originating from 7-dehydrocholesterol: calciferol for cholecalciferol (vitamin D3),
calcidiol for 25-hydroxy-cholecaciferol, and calcitriol for 1,25-dihydroxy-cholecalciferol. Where the literature does not
discriminate, we will refer to vitamin D in general.
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The best known role of vitamin D is to facilitate calcium and phosphate absorption in the intestine, impacting directly on
the formation of the bones and their density. Vitamin D in the body follows first-order mass action kinetics (Holick, 2005),
which means that at serum levels lower than 20 ng/ml (50 nmol/L) the majority of ingested or sun-derived vitamin D is
immediately diverted to metabolic needs, namely bone formation, leaving nothing to its higher functions within the brain,
immune system, or gene regulation.

There are two main areas of involvement of vitamin D in the human body, which may have direct impact on the
development of ASD: (1) the brain (its homeostasis, immune system and neurodevelopment) and (2) gene regulation.

The aim of the current paper is to review the research findings regarding the connection between ASD and vitamin D.

2. Methods

A literature search covering the period January 1 1995 through October 31 2011 was made in PubMed, the Web of
Knowledge, EBSCO OVID, MEDLINE, PsycARTICLES, Psychology and Behavioural Sciences Collection, PsycINFO, SocINDEX
databases with Full Text Number of Hits.

The search strategy was as follows: vitamin d or vitamin D or ergocalciferol or vitamin d2 or vitamin D2 or vitamin d 2 or
vitamin D 2 or cholecalciferol or vitamin d3 or vitamin D3 or vitamin d 3 or vitamin D 3 or calcitriol or vitamin 1,25 D3 or
vitamin 1,25 d3 or vitamin 1,25 D 3 or vitamin 1,25 d 3 or calcidiol or vitamin 25 D or vitamin 25D or 25 hydroxy vitamin d or
25-0OHD or 25-hydroxyvitamin D or 25 hydroxyvitamin D or 25 hydroxy vitamin d or 25 hydroxyvitamin D AND autism or
autism spectrum disorder or ASD or Asperger.

We first present the results of this systematic review. We then present a narrative review of some of the other literature
regarding the role of vitamin D in the human body as it could potentially relate to ASD.

3. Results
3.1. Systematic review

A systematic literature search yielded 35 articles from PubMed that dealt directly with autism and vitamin D in one way
or another. Only four studies have looked at vitamin D serum levels in human subjects with diagnosed ASD or their mothers
(Table 1). Nine further studies reported on nutritional deficiencies (including vitamin D) in ASD.

3.1.1. Autism - vitamin D: plasma vitamin D-levels in individuals with autism and their family members

Three studies investigated plasma levels of vitamin D directly in individuals with autism.

Meguid, Hashish, Amwar, and Sidhom (2010) reported a cohort of Egyptian children with ASD having significantly lower
levels of both calcidiol (28.5 ng/ml) and calcitriol (27.1 ng/ml) as well as lower calcium serum values compared to healthy
controls. The season of birth in relation to vitamin D and autism was also taken into account but no significant difference was
found for the month or season of birth in either group. This was the only study that measured plasma levels of vitamin D in
both children with autism and a suitable control group.

Table 1
Studies measuring plasma levels of vitamin D.

Study

N (case/control)

Design (limitations)

Mean/Median plasma levels of vitamin D (ng/ml)

Meguid et al. (2010)
Egypt

Molloy et al. (2010)
USA

Humble et al. (2010)
Sweden

Fernell et al. (2010)
Sweden

112 (70/42)

89 (49/40)

117 (117/0)

80 (40/40)

Case - Control, Cross - sectional

Children - Egyptian boys and girls
with autism 2-8 years

Case - Control, Cross - sectional

Children - Caucasian boys with
autism 4-8 years

No controls, Cross - Sectional
Adults - European white males
and females with psychiatric
disorder incl. autism

Case - Control, Cross - Sectional
Adults - mothers of Somali or
Swedish origin with a child
with or without autism

Significant difference
Cases: 28.5 ng/ml
Controls: typically developing children 40.1 ng/ml

No significant differences

Cases: 20 ng/ml

Controls: boys with acute inflammation 17 ng/ml.
ALL PARTICIPANTS <31 ng/ml

Adequate values in only 15% of all patients
Cases with autism lowest levels: 12.6 ng/ml

Significant difference Somali vs. Swedish mothers
Trend lower values autism vs. non-autism

Cases: Somali mothers with autism child 6.7 ng/ml;
Swedish mothers with autism child 24.8 ng/ml
Controls: Somali mothers with non-autism child
9.6 ng/ml; Swedish mothers

with non-autism child 20.7 ng/ml

Note: Severe deficiency <10 ng/ml; deficiency 10-20 ng/ml; inadequacy 20-30 ng/ml; recommended 30-100 ng/ml (Humble et al., 2010).
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Molloy, Kalkwarf, Manning-Courtney, Mills, and Hediger (2010) compared the actual plasma calcidiol levels in a cohort
of Caucasian boys with ASD diagnosis (4-8 years old) and a group of age-matched typically developing comparison boys
having intravenous catheters placed for outpatient tonsillectomies. There were no differences observed in the levels
between participants with ASD and controls, but the majority of all children in this cohort (61%) had very low vitamin
D levels (<20 ng/ml or <50 nmol/L). An important limitation of this study was that the control group children were all
suffering from some form of acute inflammation, which could potentially affect the plasma vitamin D results (Molloy et al.,
2010).

Humble, Gustafsson, and Bejerot (2010) tested vitamin D levels in adult outpatients with a range of psychiatric disorders
and found that those with a diagnosis of autism or schizophrenia had significantly lower levels than other groups. This study
demonstrated a considerable improvement in several patients of some of their psychiatric symptoms, e.g., psychosis and
depression, with vitamin D treatment. However, there are some limitations of this study as there is very little information on
details of the treatment, and there was no control group.

Although these results regarding plasma vitamin D levels in children and adults with autism appear conflicting, of the
three studies, two are subject to significant methodological problems. The Molloy study suffered from the fact that the
control children were likely to have had some degree of inflammation, which could have affected the vitamin D levels. The
Humble study did not have a control group and investigated a range of disorders, not only autism. By contrast, in the Meguid
study, vitamin D was measured in an appropriate manner and the recruitment of cases and controls minimised the bias.
Taking these studies together, they are suggestive that there may be a link between low vitamin D and autism and this will be
an important direction for future research.

There is a fourth study - of mothers of Somali origin with children with autism in Sweden - that is of relevance in the
present context (Fernell et al., 2010). This study will be discussed in more detail later but, in brief, mothers of children with
autism had the lowest levels of vitamin D. The differences between mothers of Somali origin with and without a child with
autism were not statistically significant, but those with a child with autism had approximately 30% lower mean value of
vitamin D during spring (the time of lowest availability of vitamin D) compared with those whose child did not have autism.
All Somali mothers had vitamin D levels in the deficient range.

3.1.2. Autism - vitamin D: nutritional status, clinical and case studies

It has been suggested that nutritional supplementation before and during pregnancy, including with vitamin D, may
prevent some cases of autism, schizophrenia, epilepsy and Parkinson’s disease (Johnson, 2001). Vitamin D deficiency and
insufficiency is common during pregnancy (Hollis, 2007; Johnson et al., 2011).

Lindsay et al. (2006) used a quantitative ‘Food Frequency Questionnaire’ (FFQ) to prospectively study the nutritional
intake of 20 children (5-13 years old) with autism. The results of this questionnaire study suggested that 50% of these
children with autism were likely to have inadequate vitamin D intake.

Several observational and clinical studies reported vitamin D deficiency in children with autism as a consequence of the
highly selective eating behaviour that is typical for this group (Clark, Rhoden, & Turner, 1993; Noble, Mandel, & Patterson,
2007; Schreck, Williams, & Smith, 2004; Stewart & Latif, 2008; Weig, 2009). Several studies reported an association between
the vitamin D status and nutrition in children or young people with autism (Herndon, DiGuiseppi, Johnson, Leiferman, &
Reynolds, 2009; Lindsay et al., 2006; Sadowska & Cierebiej, 2011; Schreck et al., 2004; Shamberger, 2011). Thus, Shamberger
(2011) in an ecological study across the 50 United States, showed that infants who were solely breast-fed had diets low in
vitamin D and other nutrients and that in states with high rates of exclusive breast-feeding, autism rates were also higher.
This would imply the need for vitamin D supplementation during the breast-feeding period.

Herndon et al. (2009) found few differences in average nutritional intake between children with autism and typically
developing children in Colorado, USA. However, a large proportion of children in both groups did not meet the national
recommendations for daily intake of fibre, calcium, iron, vitamin E and vitamin D. Very similar results have been reported
recently by Sadowska and Cierebiej (2011) in Poland.

There are four case studies reporting an extreme form of inadequate nutritional status due to food selectivity and food-
avoidant behaviours in children/young people with autism, leading to the symptomatic nutritional rickets or painful leg
weakness. In all four cases, severe vitamin D deficiency was diagnosed and the rickets and pain were successfully treated
with adequate diet and vitamin D supplementation (Cannell & Hollis, 2008; Clark et al., 1993; Noble et al., 2007; Stewart &
Latif, 2008; Weig, 2009). These studies highlight the possibility of acquired hypocalcaemia and hypovitaminosis D in
subgroups of children and adolescents with autism and suggest the importance of a comprehensive history-taking, careful
diet assessment, and when appropriate, screening for vitamin D deficiencies as an integral part of every child with autism’s
medical care (Cannell et al., 2008; Holick et al., 2011; Noble et al., 2007).

One of the suggested mediating roles of vitamin D in aetiology of autism is its involvement in absorption of magnesium
(Johnson, 2001), one of several important micronutrients, known to have crucial roles in brain development, e.g., preventing
oxidative damage. The absorption of magnesium requires adequate levels of parathyroid hormone and vitamin D and may
thus be dependent on nutrition as well as season and sun exposure. There have been many studies examining a possible
relationship between the month and season of birth and risk for ASD. However, results are diverging as to potential risk
period and some authors have found no support at all for the seasonality hypothesis (Gillberg, 1990; Hebert, Miller, &
Joinson, 2010; Kolevzon et al., 2006; Landau, Cicchetti, Klin, & Volkmar, 1999; Zerbo, losif, Delwiche, Walker, & Hertz-
Picciotto, 2011).
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3.1.3. Autism - vitamin D: latitudinal effects and ethnicity, clinical studies

Grant and Soles (2009) found a strong latitudinal (related to wintertime solar UVB radiation) increase in infantile autism
prevalence. This finding is consistent with the hypothesis of maternal vitamin D deficiency being a risk factor for autism
(Cannell, 2008).

Gillbergetal. (1995)reported on 3 boys with autism, born in one area of Sweden and with mothers coming from Uganda, and
discussed possible reasons for the high autism rate in this particular ethnic subgroup. Due to an increased prevalence of autism
in children of Somali origin living in Sweden, and the evidence that low vitamin D impacts adversely on brain development,
serum levels of calcidiol were analysed in mothers of Somali origin with and without a child with autism (Fernell et al., 2010).
Since the availability of vitamin D differs across the year, plasma levels were measured in both spring and autumn. Both groups
of mothers of Somali origin had significantly lower values of calcidiol compared to Swedish mothers, in both spring and autumn.
The difference in the levels of calcidiol between mothers of Somali origin with a child with or without autism was not
statistically significant, but the lowest values of all in the study were found in mothers with a child with autism. The authors
concluded that the findings regarding very low vitamin D levels generally in Somali mothers have considerable consequences
from a public health perspective, and that more research regarding the role of vitamin D in autism is warranted.

A review by Dealberto (2011) summarized several studies reporting on increased rates of autism among dark-skinned
immigrant mothers, especially those who moved to high latitudes. The results of this review are consistent with the
hypothesis that maternal vitamin D deficiency (or insufficiency) levels may be associated with autism.

In a review on ASD in Africa, Bakare, Munir, and Kinney (2011) pointed out that autism and hypomelanotic disorders
(such as albinism) can co-occur. This “co-morbidity” of autism and oculo-cutaneous albinism led the authors to suggest a
hypothesis of individuals with hypo-melanotic skin types being genetically more predisposed to autism with an
acknowledged modulatory role of vitamin D deficiency. The postulated aetiological factors included post-encephalitic
infection, genetic and auto-immune factors, and vitamin D deficiency (Table 2).

3.2. Narrative review
The results in this section will be grouped under four subheadings, related to different aspects of vitamin D and autism:

(a) genetics and gene regulation, (b) the brain (homeostasis, neurodevelopment and the brain’s own immune system), (¢)
epilepsy/seizures, and (d) medication in pregnancy.

Table 2
Clinical studies of vitamin D and autism.
Vitamin D and autism - clinical studies First author Type of study Year
Strong effect of latitudinal increase Grant Epidemiologic 2009
on Childhood Autism prevalence
Nutrition - inadequate vitamin Sadowska Clinical 2011
D intake in children with ASD due Schamberg Clinical 2010
to their selectivity with food Herndon Clinical 2008
Lindsay Clinical 2006
Extreme cases of inadequate nutritional Weig Case 2009
intake resulting in co-morbidity Stewart Case 2007
of autism and rickets Noble Case 2007
Clark Case 1993

Medication in pregnancy - antiepileptic drugs

Lower levels of vitamin D observed in babies Bromley Clinical 2009
born to mothers on anti-epileptic
drugs during pregnancy

Ethnicity

Observed low vitamin D in Somali origin Fernell Clinical 2010
mothers of children with ASD in Sweden

Increased rates of ASD among dark-skinned Dealberto Review 2010
immigrant mothers at high latitudes

Plasma levels in children with ASD

USA Molloy Clinical 2010
Egypt Meguid Clinical 2010
Plasma levels of vitamin D measured in a group Humble Clinical 2010

of adult out-patients with various psychiatric
illnesses — lowest levels in groups with ASD
and schizophrenia
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3.2.1. Autism - vitamin D: genetics and gene regulation

The likely causes of ASD involve mutations or common variants in genes, which are involved in (1) cell-cell interaction
and synaptic function, including development of dendritic spines, (2) neuronal migration and growth, and/or (3) excitatory
and inhibitory neurotransmission (Freitag et al., 2010). Animal research has demonstrated that vitamin D plays a role in all of
these brain processes (Almeras et al., 2007; Eyles et al., 2005; Eyles, Burne, & McGrath, 2011; Harms et al,, 2011).

Vitamin D exerts its effects on genes through the vitamin D receptor (VDR), which binds to specific locations of the
genome to influence gene expression. Employing ChIP-seq technique, Ramagopalan et al. (2010) isolated fragments of
genomic DNA bound to the VDR before and after treatment of cells with calcitriol, and then sequenced the DNA fragments. By
mapping the sequences back to the genome, the group identified more than 2700 sites of VDR binding, a number showing the
importance of vitamin D in human body and also the wide variety of biological pathways in which vitamin D apparently
plays a role in. These findings support the hypothesis that vitamin D interacts with genes in the pathogenesis of diseases and
suggest the serious risks of vitamin D deficiency (Kalueff et al., 2006; Ramagopalan et al., 2010).

Prenatal vitamin D deficiency or defects in its metabolism can disrupt normal neuro-development as vitamin D plays a
role in neuronal growth (Cui, McGrath, Burne, Mackay-Sim, & Eyles, 2007) and in regulating cell proliferation in the
developing brain (Eyles et al., 2011). This role is corroborated by detecting calcitriol and its receptors in a variety of brain
tissues early in embryogenesis (McGrath, Feron, & Mackay-Sim, 2001).

Recent studies portray the role of signalling pathways in the brain and the synapse structure as crucial to the
development of ASD. Most plausible “ASD explanations” posit interaction between underlying genetic and non-genetic
biological factors (Currenti, 2010). Interestingly, cytogenetic aberrations in autistic individuals have been located in nearly
every chromosome (Gillberg, 1998) (Table 3).

3.2.2. Autism - vitamin D: brain, neurodevelopment, brain homeostasis and the brain’s own immune system

Table 3 provides an overview of some of the most important papers published in recent years on the role of vitamin D in
brain development and brain functions.

Vitamin D affects numerous neuronal functions and animal studies have demonstrated a specific role in cell
differentiation, neurotrophic factor expression, cytokine regulation, neurotransmitter synthesis, intracellular calcium
signalling, anti-oxidant activity, and the expression of genes and proteins involved in neuronal differentiation, structure and
metabolism (Eyles et al., 2005, 2011).

Animal studies have shown that vitamin D deficiency has a negative effect on embryonic neurodevelopment, manifested,
e.g., in decreased neurotrophic factor levels, increased mitosis, and decreased apoptosis, enhanced proliferation, and some
changes in the brain morphology and altered behaviour (Eyles et al., 2006; Harms et al., 2011). It is known that microglia
contain vitamin D receptors (VDR) and when they are activated (e.g. by interferon-v), they can actually synthesise calcitriol
(d’Hellencourt, Montero-Menei, Bernard, & Couez, 2003; Neveu et al., 1994).

In view of the presence of vitamin D, its activating enzymes, and vitamin D receptors (VDR) in the brain (Eyles et al., 2005),
and assuming that they are involved in normal brain functioning, an argument can be made for re-classifying the vitamin D
as a neuro-steroid. In addition, the presence of high levels of VDR in the developing brain from very early stages and its
increase with gestational age, suggests a role for vitamin D in neurodevelopment (Eyles et al., 2011). It seems reasonable to
speculate that vitamin D deficiency during development could be a risk-modifying factor in relation to other factors, such as
maternal infection, stress, or neurotoxicity (Bodnar et al., 2007; Cannell, 2008; Grant & Soles, 2009).

Animal studies have shown that early life hypovitaminosis in vitamin D leads to disruption and alterations in brain
development (larger lateral ventricles, reduced expression of nerve growth factor (NGF), reduced expression of a number
genes involved in neuronal structure or neurotransmission) and that these changes are permanent in the adult brain (Feron
et al., 2005).

Numerous studies have shown that vitamin D plays an important role in brain homeostasis. For example, a very high level
of activity of the vitamin D specific DNA-response element (VDRE) has been demonstrated in the cerebellum of rats (Taniura
et al,, 2006), a brain region that has been frequently linked to ASD and other neuro-developmental disorders. Post-mortem
human studies have shown that other areas of the brain, e.g., the hippocampus, limbic system, pituitary, substantia nigra,
diencephalon, and cerebral cortex and white matter more generally have high concentrations of vitamin D receptor (VDR)

Table 3
Narrative review.
Possible vitamin D involvement in autism via First author Type of study Year
The brain Harms Review 2011
Blaylock Review 2009
Lucas Review 2008
Lawrence Original article 2008
Foetal brain development Eyles Review 2011
Genetics Currenti Review 2010
Ramagopalan Original article 2010
De novo genetic mutations Kinney Review 2009

Hypomelanosis Bakare Hypothesis 2011
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and the enzyme necessary for the synthesis of calcitriol (Eyles et al., 2005). In addition, calciferol induces the production of
anti-inflammatory cytokines IL-10, IL-4 and TGF-31. Its deficiency has been shown to result in elevation of glutathione
levels, which the brain produces in an attempt to reduce the damaging effects of toxins (Blaylock & Strunecka, 2009).
Furthermore, calciferol significantly stimulates the production of glial-derived neurotropic factor (GDNF) and thus serves as
a neuro-protective agent (Cantorna, Hayes, & DeLuca, 1996). A recent review suggested that various environmental toxins
(including mercury) have a pathological role in initiating and worsening excitotoxicity and brain inflammation and that
vitamin D may have a role in ameliorating some of these effects (Blaylock & Strunecka, 2009).

The nuclear receptor for vitamin D has been localized in neurons and glial cells. Vitamin D is involved in the biosynthesis
of neurotropic factors and may also be involved in brain detoxification pathways (Garcion, Wion-Barbot, Montero-Menei,
Berger, & Wion, 2002). These detoxification pathways include an increase in levels of glutathione, a peptide, whose role is to
remove free radicals and to chelate heavy metals, including mercury (Kern & Jones, 2006). Vitamin D also plays a trophic role
in the central nervous system (CNS) and protects cultured cortical neurons from glutamate excitotoxicity via up-regulation
of the VDR (Blaylock & Strunecka, 2009).

The possible role of hippocampus in ASD has been explored in a number of neuro-imaging and post-mortem brain
studies, and several of them have documented certain abnormalities in this limbic structure. One of these studies
demonstrated up-regulation of calbindin-immunoreactive hippocampal GABA-ergic interneurons that probably play a role
in learning and information processing (Lawrence, Kemper, Bauman, & Blatt, 2010). Calbindin is a family of vitamin D
dependent calcium-binding proteins.

3.2.3. Autism - vitamin D: epilepsy and seizures

Animal and clinical studies have demonstrated the neuro-protective role of vitamin D in epilepsy (Harms et al., 2011). As
epilepsy and convulsions are very common in autism (Coleman & Gillberg, 2011), it is interesting to note calcitriol’s neuro-
protective effects via its inhibitory effect on Ca?" influx. Calcitriol up-regulates the expression of the calcium-binding
proteins calbindin and parvalbumin in motor neurons (Alexianu, Robbins, Carswell, & Appel, 1998), which chelate
intracellular Ca?* and thus limit the excitotoxicity (Harms et al., 2011).

Vitamin D deficiency thus might lead to disruption in calcium signalling and homeostasis, which might account for some
pathologies and disrupted information processing typical for autism. Severe calcidiol deficiency has been shown to be
associated with seizures caused by disruption of calcium levels (Mehrotra et al., 2010). Vitamin D has also been shown to
increase the electroconvulsive threshold for seizures, to decrease the severity of seizures, and to enhance the effect of the
antiepileptic medication (Borowicz, Morawska, Furmanek-Karwowska, Luszczki, & Czuczwar, 2007; Kalueff, Minayan, &
Tuohimaa, 2005; Siegel, Malkowitz, Moskovits, & Christakos, 1984). The protection against excitotoxicity might also explain
the protective action of vitamin D against seizures (Harms et al., 2011). However, antiepileptic drugs are known to decrease
vitamin D levels, which further complicate research on the potential link between vitamin D deficiency and increased risk of
seizures (Berquist, Schall, & Stallings, 2007).

3.2.4. Autism - vitamin D: medication during pregnancy

Bromley, Mawer, Clayton-Smith, and Baker (2008) reported on low plasma levels of vitamin D and an increased incidence
of autism among infants of mothers taking antiepileptic medication, especially sodium valproate, during pregnancy. This
finding may suggest low vitamin D levels as a possible mechanism warranting further investigation. An inverse relationship
between the antiepileptic drugs and calcidiol levels have been demonstrated in animal research (Borowicz et al., 2007).

4. Discussion

Vitamin D deficiency - either during pregnancy or early childhood - has recently been proposed as a possible
environmental risk factor for ASD. A large number of studies support the role of vitamin D in numerous cellular functions, in
particular, cell differentiation, neurotrophic factor expression, cytokine regulation, neurotransmitter synthesis, intracellular
calcium signalling and anti-oxidant activity. In animal studies its ability to partially reverse brain damage has been
demonstrated (Burne, Feron, Eyles, McGarth, & Mackay-Sim, 2004), as well as its ability to increase cellular levels of
glutathione (Garcion et al., 2002) and the expression of genes and proteins involved in neuronal differentiation, structure,
and metabolism (Eyles et al., 2011). Results of these studies have been translated into theories and hypotheses regarding a
possible involvement and role of vitamin D in aetiology and/or phenotype expression of ASD, some more plausible than
others. Most of these hypotheses support the notion that neither genetic nor environmental exposure operate alone in the
development of autism. Risk factors are likely to involve a combination of genetic susceptibilities and environmental
exposures.

The discovery of increased rates of autism in people with darker skin at higher latitudes indirectly provides support for
the hypothesis of vitamin D deficiency in the pathogenesis of autism. This hypothesis is also supported by the observation
that mothers taking anti-epileptic drugs in pregnancy have babies with lower levels of vitamin D and with higher rates of
autism.

Results from on-going research in schizophrenia might provide possible clues to the pathogenesis of ASD as there are
some parallels between the aetiology of both disorders and hypothetically both may be related to prenatal and
developmental vitamin D deficiency (Grant & Soles, 2009; Humble et al., 2010).
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When children with ASD were studied as to nutritional history, they were repeatedly shown to probably have inadequate
intake of vitamin D due to their highly selective intake of food. Hence, children with autism are one of the populations that
are at a risk of being deficient in vitamin D. Therefore, patients with ASD should have their diet carefully assessed and, when
appropriate, screened for vitamin D deficiency as an integral part of the child/patient’s medical care (Holick et al., 2011;
Noble et al., 2007).

It is important to consider that autism is a very heterogeneous condition with many aetiologies and that vitamin D might
be one important factor in the aetiological panorama among other operating elements.

5. Conclusion

Vitamin D deficiency - either during pregnancy or early childhood - has recently been proposed as a possible
environmental risk factor for ASD. The findings obtained over the past 15 years, including animal studies, human molecular,
cellular and physiologic research, post-mortem brain, neuro-imaging, and genetic studies, suggest that vitamin D plays
numerous roles in various processes in the human body. However, the literature is very limited as regards clinical studies of
individuals with autism or their close relatives and provides only weak support for the hypothesis of the modulatory role of
vitamin D in the pathogenesis of autism specifically. Therefore, there is an urgent need for intensified research in this
important area. If pursued with greater detail as regards other environmental variables, medical and family history and
genetic analysis, such studies might offer a very valuable insight into this intriguing interplay of genetics, environmental
factors, and the proposed role of vitamin D in foetal neuro-development. This approach will require large and
comprehensively diagnosed cohorts with ASD, preferably sampled in a population context. There is also a need for more in-
depth longitudinal research on chronic latent vitamin D insufficiency and deficiency.

Despite the limited and inconclusive results of this review, there are indications that individuals with ASD may be one of
the populations at risk for vitamin D deficiency/inadequacy, and that low vitamin D levels in utero or early postnatal life
might interact with other factors to increase the risk for ASD.

Acknowledgements

We acknowledge the valuable assistance of Dr. Helen Marlborough regarding the literature search and the administrative
help of Irene O’Neill in preparation of this manuscript.

References

Alexianu, M. E., Robbins, E., Carswell, S., & Appel, S. H. (1998). 1a, 25 dihydroxyvitamin D3-dependent up-regulation of calcium-binding proteins in motoneuron
cells. Journal of Neuroscience Research, 51, 58-66.

Almeras, L., Eyles, D., Benech, P., Laffite, D., Villard, C., Patatian, A., et al. (2007). Developmental vitamin D deficiency alters brain protein expression in the adult
rat: Implications for neuropsychiatric disorders. Proteomics, 7, 769-780.

Bakare, M. O., Munir, K. M., & Kinney, D. K. (2011). Association of hypomelanotic skin disorders with autism: Links to possible etiologic role of vitamin-D levels in
autism? Hypothesis, 9, 2-12.

Barnevik-Olsson, M., Gillberg, C., & Fernell, E. (2008). Pervalence of autism in children born to Somali parents living in Sweden: A brief report. Developmental
Medicine and Child Neurology, 50, 598-601.

Berquist, A. G., Schall, J. I, & Stallings, V. A. (2007). Vitamin D status in children with intractable epilepsy, and impact of the ketogenic diet. Epilepsia, 48, 66-71.

Blaylock, R. L., & Strunecka, A. (2009). Inmune-glutamatergic dysfunction as a central mechanism of the Autism Spectrum Disorder. Current Medicinal Chemistry,
16, 157-170.

Bodnar, L. M., Catov, J. M., Simhan, H. N., Holick, M. F., Powers, R. W., & Roberts, ]. M. (2007). Maternal vitamin D deficiency increases the risk of preeclampsia. The
Journal of Clinical Endocrinology and Metabolism, 92, 3517-3522.

Borowicz, K. K., Morawska, M., Furmanek-Karwowska, K., Luszczki, J., & Czuczwar, S. J. (2007). Cholecalciferol enhances the anticonvulsant effect of conventional
antiepileptic drugs in the mouse model of maximal electroshock. European Journal of Pharmacology, 573, 111-115.

Bosomworth, N. J. (2011). Mitigating epidemic vitamin D deficiency: The agony of evidence. Canadian Family Physician, 57, 16-20.

Bromley, R. L., Mawer, G., Clayton-Smith, J., & Baker, G. A. (2008). Autism Spectrum Disorder following in utero exposure to antiepileptic drugs. American Academy
of Neurology, 71, 997-1924.

Burne, T. H., Feron, F., Eyles, D. W., McGarth, J. J., & Mackay-Sim, A. (2004). Combined prenatal and chronic postnatal vitamin D deficiency in rats impairs prepulse
inhibition of acoustic startle. Physiology and Behavior, 81, 651-655.

Cannell, J. J., & Hollis, B. W. (2008). Use of vitamin D in clinical practice. Alternative Medicine Review, 13, 6-20.

Cannell, J. J. (2010). On the aetiology of autism. Acta Paediatrica, 99, 1128-1130.

Cannell, ]. ., Vieth, R., Willett, W., Zasloff, M., Hathcock, J. N., White, J. H., et al. (2008). Cod liver oil, vitamin A toxicity, frequent respiratory infections, and the
vitamin D deficiency epidemic. Annals of Otology, Rhinology and Laryngology, 117, 864-870.

Cannell, J. J. (2008). Autism and vitamin D. Medical Hypotheses, 70, 750-759.

Cantorna, M. T., Hayes, C. E., & DeLuca, H. F. (1996). 1,25-Dihydroxyvitamin D3 reversibly blocks the progression of relapsing encephalomyelitis, a model of
multiple sclerosis. Immunology, 93, 7861-7864.

Cheng, J. B., Levine, M. A, Bell, N. H., Mangelsdorf, D. J., & Russell, D. W. (2004). Genetic evidence that the human CYP2R1 enzyme is a key vitamin D 25-
hydroxylase. Proceedings of the National Academy of Sciences, 101, 7711-7715.

Clark, J. H., Rhoden, D. K., & Turner, D. S. (1993). Symptomatic vitamin A and D deficiencies in an eight year old with Autism. Journal of Parenteral and Enternal
Nutrition, 17, 284-286.

Clemens, T. L., Adams, J. S., Henderson, S. L., & Holick, M. F. (1982). Increased skin pigment reduces the capacity of skin to synthesize vitamin D3. Lancet, 1, 74-76.

Coleman, M., & Gillberg, C. (2011). The autisms (4th ed.). Oxford University Press.

Cui, X., McGrath, ]. J., Burne, T. H. J.,, Mackay-Sim, A., & Eyles, D. W. (2007). Maternal vitamin D depletion alters neurogenesis in the developing rat brain.
International Journal of Developmental Neuroscience, 25, 227-232.

Currenti, S. A. (2010). Understanding and determining the etiology of Autism. Cellular and Molecular Neurobiology, 30, 161-171.

d’Hellencourt, L. C., Montero-Menei, C. N., Bernard, R., & Couez, D. (2003). Vitamin D3 inhibits proinflammatory cytokines and nitric oxide production by the
EOC13 microglial cell line. Journal of Neuroscience Research, 71, 575-582.



E. Kocovskd et al./Research in Developmental Disabilities 33 (2012) 1541-1550 1549

Dealberto, M.-J. (2011). Prevalence of autism according to maternal immigrant status and ethnic origin. Acta Psychiatrica Scandinavica, 123, 339-348.

Eyles, D., Burne, T., & McGrath, J. (2011). Vitamin D in fetal brain development. Seminars in Cell and Developmental Biology, 22, 629-636.

Eyles, D. W. (2010). Vitamin D and autism: Does skin colour modify risk? Acta Paediatrica, 99, 645-647.

Eyles, D. W., Rogers, F., Buller, K., McGrath, ]. J., Ko, P., French, K, et al. (2006). Developmental vitamin D (DVD) deficiency in the rat alters adult behaviour
independently of HPA function. Psychoeuroendocrinology, 31, 959-964.

Eyles, D. W., Smith, S., Kinobe, R., Hewison, M., & McGrath, J. J. (2005). Distribution of the vitamin D receptor and 1a-hydroxylase in human brain. Journal of
Chemical Neuroanatomy, 29, 21-30.

Feldman, D., Pike, W. J., & Adams, ]. S. (2011). Vitamin D. Amsterodam: Elsevier.

Fernell, E., Barnevik-Olsson, M., Bagenholm, G., Gillberg, C., Gustafsson, S., & Saaf, M. (2010). Serum levels of 25-hydroxyvitamin D in mothers of Swedish and of
Somali origin who have children with and without autism. Acta Paediatrica, 99, 743-747.

Feron, F., Burne, T. H., Brown, J., Smith, E., McGrath, J. ., Mackay-Sim, A., et al. (2005). Developmental vitamin D3 deficiency alterns the adult rat brain. Brain
Research Bulletin, 15, 141-148.

Fiester, L. F., & Fieser, M. (1959). Steroids. New York: Reinold.

Freitag, C. M., Staal, W., Klauck, S. M., Duketis, E., & Waltes, R. (2010). Genetics of autistic disorders: Review and clinical implications. European Child and Adolescent
Psychiatry, 19, 169-178.

Garcion, E., Wion-Barbot, N., Montero-Menei, C. N., Berger, F., & Wion, D. (2002). New clues about vitamin D functions in the nervous system. Trends in
Endocrinology and Metabolism, 13, 100-105.

Gillberg, C. (1990). Do children with autism have March birthdays? Acta Psychiatrica Scandinavica, 82, 152-156.

Gillberg, C. (1998). Chromosomal disorders and autism. Journal of Autism and Developmental Disorders, 28, 415-425.

Gillberg, C., Schaumann, H., & Gillberg, C. (1995). Autism in immigrants: Children born in Sweden to mothers born in Uganda. Journal of Intellectual Disability
Research, 39, 141-144.

Goodman, R., & Richards, H. (1995). Child and adolescent psychiatric presentations of second-generation Afro-Caribbeans in Britain. British Journal of Psychiatry,
167, 362-369.

Grandjean, P., & Landrigan, P. (2006). Developmetnal neurotoxicity of industrial chemicals. Lancet, 368, 2167-2178.

Grant, W. B., & Soles, C. M. (2009). Epidemiologic evidence supporting the role of maternal vitamin D deficiency as a risk factor for the development of infantile
autism. Dermato-Endocrinology, 1, 223-228.

Harms, L. R., Burne, T. H. J., Eyles, D. W., & McGrath, J.]. (2011). Vitamin D and the brain. Best Practice and Research Clinical Endocrinology and Metabolism, 25,
657-669.

Hebert, K. J., Miller, L. L., & Joinson, C. J. (2010). Association of autistic spectrum disorder with season of birth and conception in a UK cohort. Autism Research, 3,
185-190.

Herndon, A. C., DiGuiseppi, C., Johnson, S. L., Leiferman, J., & Reynolds, A. (2009). Does nutritional intake differ between children and Autism Spectrum Disorders
and children with typical development? Journal of Autism and Developmental Disorders, 39, 212-222.

Holick, M. F. (2005). The influence of vitamin D on bone health across the life cycle. The vitamin D epidemic and its health consequences. The Journal of Nutrition,
135, 2739S-2748S.

Holick, M. F., Blinkley, N. C., Bischoff-Ferrari, H. A., Gordon, C. M., Hanley, D. A., Heaney, R. P., et al. (2011). Evaluation, treatment, and prevention of vitamin D
deficiency: An endocrine society clinical practice guideline. Journal of Clinical Endocrinology and Metabolism, 96, 1911-1930.

Holick, M. F., Tian, X. Q., & Allen, M. (1995). Evolutionary importance for the membrane enhancement of the production of vitamin D3 in the skin of poikilothermic
animals. Proceedings of the National Academy of Sciences of the United States of America, 92, 3124-3126.

Hollis, B. W. (2007). Vitamin D requirement during pregnancy and lactation. Journal of Bone and Mineral Research, 22, V39-V44.

Humble, M. B., Gustafsson, S., & Bejerot, S. (2010). Low serum levels of 25-hydroxyvitamin D (25-OHD) among psychiatric out-patients in Sweden: Relations with
season, age, ethic origin and psychiatric diagnosis. Journal of Steroid Biochemistry and Molecular Biology, 121, 467-470.

Johnson, D. D., Wagner, C. L., Hulsey, T. C., McNeil, R. B., Ebeling, M., & Hollis, B. W. (2011). Vitamin D deficiency and insufficiency is common during pregnancy.
American Journal of Perinatology, 28, 007-12.

Johnson, S. (2001). Micronutrient accumulation and depletion in schizophrenia, epilepsy, autism and Parkinson’s disease? Medical Hypotheses, 56,
641-645.

Kalueff, A. V., Minayan, A., & Tuohimaa, P. (2005). Anticonvulsant effects of 1,25-dihydroxyvitamin D in chemically induced seizures in mice. Brain Research
Bulletin, 67, 156-160.

Kalueff, A. V., Keisala, T., Minasyan, A., Kuuslahti, M., Miettinen, S., & Tuohimaa, P. (2006). Behavioural anomalies in mice evoked by ‘Tokyo’ disruption of the
vitamin D receptor gene. Neuroscience Research, 54, 254-260.

Keen, D. V., Reid, F. D., & Arnone, D. (2010). Autism, ethnicity and maternal immigration. British Journal of Psychiatry, 196, 274-281.

Kern, J. K., & Jones, A. M. (2006). Evidence of toxicity, oxidative stress, and neuronal insult in autism. Journal of Toxicology and Environmental Health, Part B: Critical
Reviews, 9, 485-499.

Kolevzon, A., Weiser, M., Gross, R., Lubin, G., Knobler, H. Y., Schmeidler, ]., et al. (2006). Effects of season of birth on autism, spectrum disorders: Fact or fiction?
American Journal of Psychiatry, 163, 1288-1290.

Landau, E. C., Cicchetti, D. V., Klin, A., & Volkmar, F. R. (1999). Season of birth in autism: A fiction revisited. Journal of Autism and Developmental Disorders, 29,
385-393.

Landrigan, P. J. (2010). What causes autism? Exploring the environmental contribution. Current Opinion in Pediatrics, 22, 219-225.

Lawrence, Y. A, Kemper, T. L., Bauman, M. L, & Blatt, G. J. (2010). Parvalbumin-, calbindin-, and calretinin-immunoreactive hippocampal interneuron density in
autism. Acta Neurologica Scandinavica, 121, 99-108.

Lichtenstein, P., Carlstrom, E., Rastam, M., Gillberg, C., & Ancharsater, H. (2010). The genetics of autism spectrum disorders and related neuropsychiatric disorders
in childhood. American Journal of Psychiatry, 167, 1357-1363.

Lindsay, R. L., Arnold, L. E., Aman, M. G., Vitiello, B., Posey, D. J., McDougle, C. ]., et al. (2006). Dietary status and impact of risperidone on nutritional balance in
children with autism: A pilot study. Journal of Intellectual and Developmental Disability, 31, 204-209.

Lundstrém, S., Chang, Z., Rastam, M., Gillberg, C., Larsson, H., Anckarsater, H., et al. (2012). Autism spectrum disorders and autistic-like traits: Similar etiology in
the extreme end and the normal variation. Archives of General Psychiatry, 69, 46-52.

McGrath, J., Feron, D., & Mackay-Sim, A. (2001). Vitamin D: The neglected neurosteroid? Trends in Neurosciences, 24, 570-572.

Meguid, N. A, Hashish, A. F., Amwar, M., & Sidhom, G. (2010). Reduced serum levels of 25-hydroxy and 1,25-dihydroxy vitamin D in Egyptian children with autism.
The Journal of Alternative and Complementary Medicine, 16, 641-645.

Mebhrotra, P., Marwaha, R. K., Aneja, S., Seth, A., Singla, B. M., Ashraf, G., et al. (2010). Hypovitaminosis D and hypocalcemic seizures in infancy. Indian Paediatrics,
47, 581-586.

Molloy, C. A., Kalkwarf, H. ]., Manning-Courtney, P., Mills, J. L., & Hediger, M. L. (2010). Plasma 25(0H)D concentration in children with autism spectrum disorder.
Developmental Medicine and Child Neurology, 52, 969-971.

Mubhle, R., Trentacoste, S. V., & Rapin, 1. (2004). The genetics of autism. Pediatrics, 113, e472-e482.

Neveu, I., Naveilhan, P., Menaa, C., Wion, D., Brachet, P., & Garabedian, M. (1994). Synthesis of 1,25-dihydroxyvitamin D3 by rat brain macrophages in vitro. Journal
of Neuroscience Research, 38, 214-220.

Noble, J. M., Mandel, A., & Patterson, M. C. (2007). Scurvy and rickets masked by chronic neurologic illness: Revisiting psychological malnutrition. Pediatrics, 119,
e783-e790.

Nygren, G., Cederlund, M., Sanderg, E., Gillstedt, F., Arvidsson, T., Gillberg, I. C., et al. (2011). The prevalence of Autism Spectrum Disorders in toddlers: A
population study of 2-year-old Swedish children. Journal of Autism and Developmental Disorders doi:10.1007/s1083-011-1391-x; Erratum: doi:10.1007/s10803-
012-1488-x..


http://dx.doi.org/10.1007/s1083-011-1391-x
http://dx.doi.org/10.1007/s10803-012-1488-x
http://dx.doi.org/10.1007/s10803-012-1488-x

1550 E. Kocovskd et al./Research in Developmental Disabilities 33 (2012) 1541-1550

Ramagopalan, S. V., Heger, A., Berlanga, A. J., Maugeri, N. ], Lincoln, M. R,, Burrell, A, et al. (2010). A ChIP-seq-defined genome-wide map of vitamin D receptor
binding: Associations with disease and evolution. Genome Research, 20, 1352-1360.

Sadowska, ]., & Cierebiej, M. (2011). Evaluation of the nutrition manner and nutritional status of children with autism. Pediatria Wspolczesna, 13, 155-160.

Schreck, K. A., Williams, K., & Smith, A. F. (2004). A comparison of eating behaviours between children with and without autism. Journal of Autism and
Developmental Disorders, 34, 433-438.

Schwalfenberg, G. (2007). Not enough vitamin D. Health consequences for Canadians. Canadian Family Physician, 53, 841-854.

Shamberger, R. J. (2011). Autism rates associated with nutrition and the WIC Program. Journal of the American College of Nutrition, 30, 348-353.

Siegel, A., Malkowitz, L., Moskovits, M. ]., & Christakos, S. (1984). Administration of 1,25-dihydroxyvitamin D3 results in the elevation of hippocampal seizure
threshold levels in rats. Brain Research, 298, 125-129.

Sigmundsdottir, H. (2011). New aspects on immunoregulation by vitamin D analogs. Dermato-Endocrinology, 3, 187-192.

Stewart, C., & Latif, A. (2008). Symtomatic nutritional rickets in a teenage with autistic spectrum disorder. Child, Care Health and Development, 34, 276-278.

Taniura, H., Ito, M., Sanada, N., Kuramoto, N., Ohno, Y., Nakamichi, N., et al. (2006). Chronic vitamin D3 treatment protects against neurotoxicity by glutamate in
association with upregulation of vitamin D receptor mRNA expression in cultured rat cortical neurons. Journal of Neuroscience Research, 83, 1179-1189.

Weig, S. G. (2009). BM-7: A 6-year-old boy with autism and painful leg weakness. Journal of Clinical Neuromuscular Disease, 10, 160-161.

Zerbo, 0., losif, A. M., Delwiche, L., Walker, C., & Hertz-Picciotto, I. (2011). Month of conception and risk of autism. Epidemiology, 22, 469-475.



	Vitamin D and autism: Clinical review
	Introduction
	Vitamin D: definition, biosynthesis and role in metabolism

	Methods
	Results
	Systematic review
	Autism - vitamin D: plasma vitamin D-levels in individuals with autism and their family members
	Autism - vitamin D: nutritional status, clinical and case studies
	Autism - vitamin D: latitudinal effects and ethnicity, clinical studies

	Narrative review
	Autism - vitamin D: genetics and gene regulation
	Autism - vitamin D: brain, neurodevelopment, brain homeostasis and the brain&apos;s own immune system
	Autism - vitamin D: epilepsy and seizures
	Autism - vitamin D: medication during pregnancy


	Discussion
	Conclusion
	Acknowledgements
	References


